Differences in tissue specific fractionation have important practical implications for ecological studies. We have examined isotopic fractionation δ 13 C and δ 15 N among four different tissues in the spiny lobster Palinurus elephas (Fabricius, 1787). Two sets of individuals differing on diet-quality (captive animals with monospecific diet and wild lobsters) were studied to determine the best tissue to be used as a proxy of feeding ecology: muscles of the pleon, muscles of the legs, telson, and hemolymph. We observed significant differences in isotopic fractionation δ 13 C and δ 15 N among the analyzed tissues. In both captive and wild specimens leg muscle was the most δ 15 N enriched tissue, followed by pleonal muscle, hemolymph, and telson. For δ 13 C the sequence in isotopic discrimination was pleonal muscle > leg muscle > hemolymph ≈ telson. Lower intra-individual variability was observed in captives compared to wild individuals, as expected from a constant diet. Finally, we conclude that leg muscle is the best tissue for studying P. elephas trophism since it presents the lowest variability at isotopic level for N. The sampling of leg muscle, a regenerating tissue, is therefore suitable as a non lethal technique for trophic assessment at lobsters.
INTRODUCTION
Stable isotope analyses have been largely used for investigating trophic relationships and dietary patterns, as they integrate long-term trophic information (Deudero et al., 2011) , compared with stomach content or fatty acid analyses. This method is based on the assumption that organisms assimilate stable isotopes from food sources with a slight enrichment of heavier isotopes ( 13 C and 15 N) as lighter isotopes ( 12 C and 14 N) are preferably used in metabolism. Several studies have set the standard stepwise enrichment between prey and consumer tissues at 1h for 13 C and 3-4h for 15 N (De Niro and Epstein, 1978; McCutchan et al., 2003) . However, the amount of enrichment has been observed to be highly variable, with the organism diet, the assimilation processes and the biochemical composition of tissues being the main factors contributing to this variability (Martínez del Rio et al., 2009) .
Compared to carbohydrates and proteins, lipids are known to be depleted in 13 C. Therefore variations in tissue lipid content would influence its δ 13 C (Tieszen et al., 1983) . Similarly, amino acid composition can also influence the stable isotope signature, as some amino acids appear to retain approximately the same isotopic composition of food, whereas other become enriched in 13 C and 15 N by the animal's metabolism, being able to distinguish between non-essential amino acids, considered more enriched than essential amino acids (McClelland and Montoya, 2002; Martínez del Rio et al., 2009 ). * Corresponding author; e-mail: salud.deudero@ba.ieo.es These differences in isotopic enrichment hamper comparisons of isotopic values from different tissue types. As a result, knowledge of tissue-specific fractionation values is of primary importance in studies estimating contributions of food sources to diet and in determining the trophic position. Previous studies have analyzed 13 C and 15 N fractionation values across tissues in marine organisms such as fishes (Pinnegar and Polulin, 1999; Blanco et al., 2009 ), bivalves (Cabanellas et al., 2009 Deudero et al., 2009) , mammals (Hobson et al., 1996) , or euphausiaceans (Schmidt et al., 2004) . Likewise, isotopic turnover rates and fractionation have already been studied in multiple tissues of the rock lobster Jasus edwarsii (Hutton, 1875) (Suring and Wing, 2009 ) while consumer-diet discrimination has been reported at captive rock lobsters (Waddington and MacArthur, 2008) .
Tissues such as dorsal or pleonal muscles have been commonly used in studies using stable isotope analysis in fishes (Pinnegar and Polunin, 1999) and crustaceans (Bodin et al., 2007) , involving the death of the organism. For conservation purposes, the use of non-lethal sampling tissues has been previously tested in fishes ) as a valuable non-destructive method, mainly for species whose populations are under high fishing pressure such as the European spiny lobster Palinurus elephas (Fabricius, 1787) (Goñi and Latrouite, 2005) . Thus, the selection of leg muscle, which spiny lobsters are capable of regenerating themselves would be a priority. This experimental study aims at providing spiny lobster tissue-specific fractionation for deciphering the best tissue for application of non-lethal techniques in iso-topic analyses. In order to accomplish those objectives we: 1) analyzed and compared the 13 C and 15 N isotopic signatures among four lobster tissues (pleonal muscle, leg muscle, telson, and hemolymph), and 2) investigated possible differences in tissue fractionation between wild and captive specimens subject to constant, monospecific diet in order to test whether there is a tissue-specific isotopic fractionation pattern regardless of the diet as it has been demonstrated in fishes (Serrano et al., 2007) .
METHODS
A total of 16 adult specimens of lobsters P. elephas were collected from the North Western Mediterranean to test tissue fractionation. Two experimental sets of 8 specimens were considered in the study: wild and captive lobsters. Wild lobsters (4 females and 4 males) ranging from 80-94 mm carapace length (CL) at intermoulting stage were collected from Columbretes Islands marine protected area (Castellón) using trammel nets; while captive specimens (5 females and 3 males) from 84-108 mm (CL) at intermoulting stage, were collected from Balearic Sea and transferred to water tanks where they remained for 5 months under controlled conditions. Captive lobsters were kept in 2000 l rounded tanks of 1.25 m height per 1.5 m width, connected to an open water circuit with water temperature between 19.9°C to 21.5°C. Diet consisted of 10 whole sardinella (Sardinella aurita) (Valenciennes, 1847) per tank distributed ad libitum every 2 days. In the laboratory, spiny lobsters were sacrificed and dissected in order to obtain samples of pleonal muscle, leg muscle, telson and hemolymph, which were stored at −20°C until further analysis. All tissue samples were dried at 60°C for 24 h and grounded to a fine powder using a mortar. From each tissue sample 2 ± 0.1 mg of dry weight were placed in tin cups to determine the stable isotope ratios of carbon and nitrogen. The analyses were run using a continuous flow mass spectrometer (Thermo Finnegan Delta x-plus). Reference standards were Vienne Pee Dee Belemnite (VPDB) for C and atmospheric nitrogen for N. A laboratory internal standard (Bovine Liver Standard, 1577b) was run for every eight samples. The analytical precision (based on the standard deviation of replicates of the internal standard) was 0.04h and 0.07h for δ 13 C and δ 15 N, respectively. Isotope ratios were expressed in δ 13 C and δ 15 N, with units of h, according to the following equation:
where R is the corresponding 13 C/ 12 C or 15 N/ 14 N ratio. Distance based permutation analysis of variance (PERMANOVA) was applied to test simultaneous responses of lobster variation isotopic signatures (δ 13 C and δ 15 N) for the factor Origin (with two levels of variation: wild and captive lobsters) and for the factor Tissue (with four levels: pleonal muscle, leg muscle, telson and hemolymph). For the factor Tissue a distance-based test for homogeneity of multivariate dispersions (PERMDISP) was performed. Comparisons within tissue in wild and captive specimens were test using a U-Mann Whitney test. Statistical analyses were performed using the statistical package PRIMER ® 6.0 PERMANOVA and STATISTICA 8.0 software.
RESULTS

The δ
13 C and δ 15 N isotopic signatures showed significant differences among the four studied tissues and between wild and captive specimens ( 15 N values at captive lobsters were 9.61 ± 0.41h, 11.17 ± 0.25h, 7.74 ± 0.70h and 8.79 ± 0.25h, while in wild specimens Table 1 . Results of the 2-way PERMANOVA for δ 13 C and δ 15 N in Palinurus elephas, mixed design with factors "Tissue" (pleonal muscle, leg muscle, telson, and hemolymph) and "Origin" (wild and captive) as fixed factors. The analysis is based on the modified Euclidean distance dissimilarity of tissues isotopic signatures of δ 13 C and δ 15 N (999 permutations). Pairwise test on the significant interactions term "Tissue" were also reported. *p < 0.05; n.s. indicates no significant differences. values were 9.24 ± 0.75h, 10.30 ± 0.64h, 5.98 ± 0.79h, and 7.68 ± 0.45h, respectively. Tissues of captive lobsters were enriched in both 13 C and 15 N compared to wild lobsters (PERMANOVA, p < 0.05) (Figs. 2 and 3) . Comparison among tissues showed that δ 13 C and δ 15 N of pleonal and leg muscle were always more enriched than those of telson and hemolymph (PERMANOVA, p < 0.05). Moreover, hemolymph showed a large variation between samples (0.80 ± 0.14 for 13 C and 0.60 ± 0.06 for 15 N), while leg muscle showed less range of variation (0.40 ± 0.09 for 13 C and 0.5 ± 0.07 for 15 N). The sequence of enrichment among tissues for both δ 13 C and δ 15 N was in the order: muscle > telson > hemolymph.
Source of variations PERMANOVA
Differences of isotopic fractionation for enrichment factors (ε) within the same tissue between wild and captive lobsters ranged from 0.26h at leg muscle up to 0.85h in telson for 13 C (Fig. 2) , while they ranged from 0.36h at pleonal muscle to 1.75h at telson for 15 N (Fig. 3) . Therefore, 15 N exhibited a larger ε at all tissues as compared to 13 C. 
DISCUSSION
The present study provides the first available data on isotopic discrimination factors in tissues of the European spiny lobster and demonstrates differences in the isotopic fractionation among the four studied tissues (pleonal muscle, leg muscle, telson, and hemolymph) and between wild and captive specimens. In general, the patterns of isotopic fractionation found in this study agree with previous data on lobster and other crustaceans (Schmidt et al., 2004; Bodin et al., 2007; Suring and Wing, 2009 ). The obtained variation among the tissues for both δ 13 C and δ 15 N was in the order leg muscle > pleonal muscle > telson > hemolymph.
The differences in δ 13 C tissue fractionation at both wild and captive lobsters may be attributed to the relative abundance of lipids since tissues differ in the lipid content and the amino acid composition. Since lipids are depleted in 13 C with respect to carbohydrates and proteins, tissues like muscle tend to be isotopically heavier than fatty ones as obtained in our study.
Differences in δ 15 N fractionation could be influenced by protein turnover and tissue amino acid composition. Lower values of δ 13 C and δ 15 N in hemolymph compared to muscle are possibly related to a higher content of proteins and essential amino acids like valine, leucine, methionine and, as stated by Suring and Wing (2009) a higher metabolic replacement rate and a shorter time lag than muscle, which exhibits a lower protein turnover than active tissues like hemolymph, as nearly up to a 50% of proteins synthesis is retained as growth. Previous experimental studies on a similar species J. edwardsii demonstrated that muscle and hemolymph had similar turnover rates, although 15 N of muscle were always more enriched than those of hemolymph (Suring and Wing, 2009) .
Regarding the difference between pleonal and leg muscle, the turnover rate is slightly higher in leg muscle since the loss of limbs leads to a recovery; therefore, the tissue is more active metabolically and the enrichment in 15 N is slightly higher (Juanes and Smith, 1995; Suring and Wing, 2009 ).
Telson does not seem to be a proper tissue for fractionation since it exhibits the highest individual variability both at C and N isotopic ratios. Moreover, this tissue presented the lowest δ 13 C and δ 15 N from all the studied tissues, possibly due to the high proportion of chitin protein, which is the major component of the exoskeleton of crustaceans, which is known to be depleted in 13 C and 15 N in relation to food sources (Schimmelmann, 2011) .
Expectations of higher similarity in isotopic values for captive lobsters with respect to wild specimens have been demonstrated in this study. Diet quality has been considered as a factor affecting consumer-diet discrimination (Waddington and MacArthur, 2008) . Consequently, the type of diet likely explains the lower intra-individual variation in δ 13 C and δ 15 N values observed in captive specimens compared to wild specimens, as captive specimens were fed on a constant diet (S. aurita) while wild specimens are considered generalist and opportunistic benthic feeders (Goñi et al., 2001) .
Comparisons of the experimental treatments (captive and wild lobsters) have allowed contrasting metabolic processes and the establishment of fractionation (ε) values at both wild and captive lobsters. Fractionation patterns for each tissue were similar regardless of the treatment, indicating that the sequence leg muscle > pleonal muscle > telson > hemolymph seems to be independent from diet, and therefore can be valid elsewhere. A similar conclusion was set for Euphasia superba Dana, 1850 , suggesting that differences are due to tissue-specific composition and function rather than to feeding (Schmidt et al., 2004) .
Leg muscle has resulted to be the best tissue for analyzing lobster trophodynamics applying stable isotopes since the inter-individual variability within this tissue was the lowest exhibited by any tissue, both at wild and captive specimens. In addition, spiny lobsters have the ability to regenerate the legs after amputation; thus, sampling of this tissue represents a non-lethal sampling highly advisable for trophic studies at vulnerable and endangered species such as the already depleted European spiny lobster in at the Atlantic and Mediterranean.
